During the past decade, genetic markers have been used increasingly to improve stock discrimination and to aid fisheries management. Today, the Icelandic and Faroese Plateau cod (Gadus morhua) are managed as separate units, belonging to ICES Subareas Va and Vb1, respectively. There is little information on the genetic connectivity of the two units, however, except in terms of tagging experiments which revealed limited adult migration between the two areas, and few genetic studies describing genetic differentiation among Faroese and East Icelandic cod. Here, previously published data on the genetic structure of Icelandic cod were combined with new data from the Faroe Plateau to assess the level and the source of genetic variability of Atlantic cod around the Iceland -Faroe Ridge and the potential sources of genetic variation. In all, 771 cod were genotyped at nine microsatellite loci and at the Pantophysin locus (Pan I). The genetic markers employed were congruent and showed that South Icelandic and East IcelandicFaroese Plateau populations have limited genetic connectivity. Diversifying selection associated with restricted gene flow is likely to explain the observed pattern with the Pan I locus. Further analyses detected historical imprints in the microsatellite data, suggesting that the divergence could be due to isolation of different cod populations during the last glacial maximum.
Introduction
The Atlantic cod (Gadus morhua) is widely distributed around the North Atlantic, and has been one of the most commercially valuable fish species inhabiting the continental shelves on both sides of the ocean. During the past decade, genetic markers have been used increasingly to assess stock structure of local populations of cod and to improve fisheries management (Nielsen et al., 2003; Sarvas and Fevolden, 2005; Pampoulie et al., 2006) . Atlantic cod are genetically structured on small and large geographical scales (Ruzzante et al., 1996; Hutchinson et al., 2001; Pogson et al., 2001; Knutsen et al., 2003; Nielsen et al., 2003) . Oceanic fronts (Pampoulie et al., 2006) , shoreline topography (Sarvas and Fevolden, 2005) , and geographical distance (Mork et al., 1985) promote weak but significant differentiation among cod populations, so these three parameters are likely to affect fisheries management. However, the genetic pattern of present-day organisms is also related to historical events such as estuary formation or postglacial expansion of a species (Beheregaray and Sunnucks, 2001; Turgeon and Bernatchez, 2001; Hardie et al., 2006) , so these phenomena too may, to some extent, play a role in the origin of marine population divergence. One of the most challenging tasks for geneticists has been to disentangle historical from contemporary genetic signatures (Hilbish, 1996) .
To date, the relationship between Icelandic and Faroese cod spawning areas has been investigated using tagging experiments (Tåning, 1940; Jó nsson, 1996; , transferrin gene (de Ligny, 1969) , haemoglobin polymorphism (Jamieson and Birley, 1989) , and recently the Pan I locus (Case et al., 2005) . Whereas tagging experiments revealed limited adult migration between Icelandic and Faroese waters, the haemoglobin study revealed a lower frequency of the HbI 1 allele in Faroese cod (Faroe Plateau) than in cod collected south of Iceland (Jamieson and Birley, 1989) , though a higher frequency than in cod caught off north Iceland (de Ligny, 1969) . The transferrin gene corroborated this finding and revealed a slightly greater frequency of the predominant allele Tf C in Faroese Plateau cod than in Icelandic cod. The Pan I locus data also revealed significant variation in allele frequency among Icelandic and Faroese cod, the latter usually exhibiting a higher frequency for the Pan I A allele (Case et al., 2005) .
Although managed as a single stock, it has recently been suggested that the Icelandic stock is partitioned into two populations, northeast and southwest (Jó nsdó ttir et al., 2006; Pampoulie et al., 2006) . In Icelandic waters, the spawning season lasts from mid-March to May (Marteinsdó ttir and Björnsson, 1999) . Pelagic eggs and larvae from the southwest spawning regions passively disperse over vast distances in a clockwise manner around the country, so limiting population divergence (Marteinsdó ttir et al., 2000; Brickman et al., 2007) . In contrast, eggs and larvae from cod spawning off northeast Iceland have # 2007 International Council for the Exploration of the Sea. Published by Oxford Journals. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org been suggested to be retained within fjords and inshore waters (Marteinsdó ttir et al., 2000) . Although spawning site fidelity is stock-dependent and differs widely (Robichaud and Rose, 2004) , tagging data in the study area provide evidence that cod exhibit homing behaviour (Tåning, 1940; Jó nsson, 1996; Pampoulie et al., 2006) , potentially promoting genetic divergence among populations.
On the Faroe Plateau, cod spawn in two main spawning areas located north and west of the Faroe Islands (Joensen et al., 2005; . Post-spawning cod usually disperse around the Plateau (Tåning, 1940; Joensen et al., 2005) . The Faroe Islands are separated from other shallow areas by depths exceeding 500 m , but are nevertheless connected to the Southeast Icelandic shelf through the IcelandFaroe Ridge (depth ,500 m). Two main currents might play a role in the dispersal of eggs/larvae, the East Icelandic Current, which flows along the east coast of Iceland towards the Faroe Islands, and the Irminger Current, from which a minor branch flows along the south coast of Iceland (Figure 1 ). Both currents might promote unidirectional dispersal of cod from Icelandic to Faroese populations and thereby homogenize them.
Here, the level of genetic variation among cod from the East Icelandic and Faroese spawning areas was assessed using nine microsatellite loci and the Pantophysin locus (Pan I), which is considered to be under positive Darwinian selection (Pogson and Mesa, 2004) . Conventional methods and recently developed spatial/geographical (Dupanloup et al., 2002; Manni et al., 2004 ) approaches were applied to detect areas of genetic discontinuity. Additionally, we attempted to assess which evolutionary forces were responsible for the genetic differentiation we observe. We therefore compared the global variance of allelic identity and allelic size among the studied populations, with the aim of generating information on the relative impact of drift (u) vs. mutation (R ST ) on the observed divergence (Hardy et al., 2003) . These results are then interpreted in the light of results from tagging experiments conducted on cod spawning grounds off the Faroes and Iceland.
Material and methods
In all, 771 cod were collected from six spawning areas from the Icelandic south [Area 812 was sampled in the years 2002 and 2003 (812b) ] and east coasts and two areas of the Faroe Plateau (Figure 1 ) during the spawning season. A subset of Icelandic samples analysed in Pampoulie et al. (2006) that was characteristic of the south and north spawning components was chosen to preclude unbalancing sample sizes. The Icelandic samples were identified as described in Pampoulie et al. (2006) . Totals of 94 cod per sample were analysed except for samples 612 (n ¼ 84), 621 (77), Far-N (85), and Far-W (55). The depths of the cod samples from Faroe North (Far-N) and West (Far-W) were 103 and 115 m, respectively.
Samples were genotyped at nine microsatellite loci: Gmo2, Gmo8, Gmo19, Gmo34, Gmo37, Tch5, Tch11, Tch14, and Tch22 (Brooker et al., 1994; Miller et al., 2000; O'Reilly et al., 2000) , and at the Pantophysin locus (Pan I). DNA extraction, PCR, and genotyping were performed as described in Pampoulie et al. (2006) . Allele frequencies and observed (H o ) and expected heterozygosity (H e ) were calculated in GENETIX version 4.03 (Belkhir et al., 1999) . Samples were tested for Hardy -Weinberg expectation (HWE) using GENEPOP version 3.1 (Raymond and Rousset, 1995) . Estimates of genetic divergence were calculated with F ST , using the estimator u (Weir and Cockerham, 1984) in GENETIX. Pairwise F ST estimates were tested for significance by permutation (5000) and adjusted with a sequential Bonferroni test (Rice, 1989) . A multidimensional scaling (MDS) approach was carried out on the pairwise F ST values for both microsatellite loci and the Pan I locus to project the pairwise F ST values on a twodimension plane, using the R-package (Ross and Gentleman, 1996) .
Potential genetic discontinuities were assessed with the Monmonier's maximum distance algorithm implemented in BARRIER version 2.2 (Manni et al., 2004) . The analysis was conducted as described in Pampoulie et al. (2006) . The potential number of populations was estimated using spatial analysis of molecular variance (SAMOVA, Dupanloup et al., 2002) . SAMOVA employs a simulated procedure and uses allele frequency data along with geographical coordinates of the sample populations to identify groups of populations that exhibit close genetic relationships. The grouping of populations is based on a hierarchical analysis of r ST and maximizing the proportion of total genetic variance between groups (r CT ). We conducted the analysis for 2 -4 potential populations.
A random permutation of different allele sizes at each microsatellite loci among allelic states (2000 replicates) was performed to simulate the F ST distribution (rR st ), with 95% confidence intervals (CIs) using SPAGEDI version 1.1 (Hardy et al., 2003) and to elucidate the role of mutation in the genetic data. Differentiation is likely to reflect the impact of genetic drift if R ST u and if R ST is within the 95% CI of rR ST . On the other hand, differentiation is likely due to mutation if R ST . u, and if it falls above the 95% CI of rR ST (Hardy et al., 2003) .
Results

Microsatellite loci
All microsatellite loci were highly polymorphic. The number of alleles per locus across samples ranged from 10 (Gmo34) to 49 (Gmo8). H o averaged over loci and all samples ranged from 0.735 to 0.858, and H e ranged from 0.779 to 0.859. Genotypic proportions were significantly out of HWE in 2 of 81 exact tests (this is fewer than expected by chance alone). Genotypic frequencies in all but one sample (811) were in HWE. The genetic variation among and within samples showed a significant F ST of 0.002 (CI: 0.0001-0.0060) and a non-significant F IS of 0.020. After Bonferroni correction, pairwise differentiation between populations yielded 11 significant F ST comparisons, of which seven were between the Faroese and Icelandic populations (Table 1) . MDS analysis revealed the presence of two distinct groups clustering along the first dimension, namely the South Icelandic group and the East Icelandic -Faroese group (Figure 2a) . The Monmonier algorithm analysis detected one strong genetic discontinuity supported by five loci (Gmo2, Gmo8, Gmo34, Tch14, Tch22), between Southeast Icelandic (812, 812b, and 822) and East IcelandicFaroese samples. The SAMOVA confirmed this finding and revealed that genetic differentiation among groups was highest (r CT ¼ 0.0031) when samples were pooled into two groups, one consisting of the East Icelandic -Faroese samples (plus sample 811), and the other those from South Iceland ( Table 2) .
The R ST estimates fell above the 95% CI of rR ST at two microsatellite loci (Gmo8 and Tch14; Table 3 ) and although not significant, the estimates were also elevated at locus Gmo19 and Tch11. Collectively, this resulted in significantly larger R ST multi-locus estimates than rR ST (R ST . u). The results therefore provide evidence that mutation may have been the dominant factor contributing to the genetic divergence observed at these loci.
Pan I locus
Genotypic frequencies did not deviate from HWE in any of the samples. The genetic variance among and within samples showed a significant F ST of 0.255 (CI: 0.190 -0.310) and a nonsignificant F IS of 20.120. After Bonferroni correction, pairwise differentiation between populations yielded 21 significant F ST comparisons (Table 1) , among which nine were attributable to the Faroese and South Icelandic samples. MDS analysis revealed two distinct groups clustering along the first dimension, the South Icelandic group and the East Icelandic -Faroese group (Figure 2b ). Allelic frequencies varied greatly, and almost no Pan I B alleles were observed in the Faroe Plateau or the East Icelandic samples (612 and 621) ( Figure 3 ). SAMOVA revealed that among-group genetic differentiation was greatest (r CT ¼ 0.3180) when samples were pooled into two groups, one comprising the East Icelandic -Faroese samples (plus sample 811), and the other those from South Iceland ( 
Pattern of genetic variation Faroe plateau north vs. west
The lack of genetic variation among samples collected on the Faroe Plateau observed with both types of genetic marker confirms earlier findings at the haemoglobin locus and transferrin gene, and showing that the frequencies of the HbI 1 and Tf C alleles were homogeneous on the Faroe Plateau (de Ligny, 1969; Jamieson and Birley, 1989) . In addition, statistical tests based on allele frequencies obtained from Case et al. (2005) revealed that current Far-N and Far-W samples were not significantly different from the sample of Case et al. (2005) collected around the Faroe Plateau (x 2 test: Far-N,
The apparent genetic homogeneity might be due to the strong current flowing in a clockwise manner around the Faroe Plateau promoting the dispersal of eggs and larvae from the two spawning grounds around the Plateau, so limiting the possibility for a build-up of genetic divergence among spawning areas . Juvenile cod growing up in specific nursery areas close to land are expected to originate from the Faroe North and West spawning areas in a random fashion. They frequently select an area deeper and outside the nursery area as they grow (Joensen et al., 2005) , and eventually seek one of the two spawning areas when they become sexually mature . Adult cod on the Faroe Plateau are thought to migrate to the same spawning (Tåning, 1940) and feeding area in consecutive years . Such spawning site fidelity, however, does not appear to represent true homing behaviour, because it does not materialize in genetic heterogeneity at microsatellite loci between the two spawning areas. Table 2 . SAMOVA carried out on nine microsatellite loci and the Pan I locus (Dupanloup et al., 2002) (Hardy et al., 2003) . 
East Iceland vs. Faroe Plateau
Although the haemoglobin locus, the transferrin gene, and the Pan I locus suggested significant variation in the frequency of the HbI 1 , Tf C , and Pan I alleles among East Iceland and Faroese cod (de Ligny, 1969; Case et al., 2005) , we did not detect genetic divergence with either the microsatellite loci or the Pan I locus. The absence of genetic variation among cod from East Iceland and the Faroe Plateau could be due to passive drift of eggs/larvae from the former to the latter. Such unidirectional dispersal could be facilitated by the East Icelandic Current and the east branch of the Irminger Current. A recent particle-tracking model estimating drift probabilities for Icelandic cod suggested possible offshore dispersion of larvae from Iceland to Faroese waters along the Iceland-Faroe Ridge (Brickman et al., 2007) , so corroborating the results of a drifter experiment conducted in 1995 and 1996 (Valdimarsson and Malmberg, 1999) . Nevertheless, a 0-group survey in Faroese waters conducted annually since 1974 has shown that cod larvae are rarely found near the northern and western spawning areas of the Faroe Islands, and that virtually none are found on the Iceland-Faroe Ridge (J. Reinert, Faroese Fisheries Laboratory, Tó rshavn, Faroe Islands, pers. comm.). Additionally, several tagging experiments have shown limited adult migration between Icelandic and Faroese waters. In a 40-year study, researchers caught just five of 10 969 tagged and recaptured Icelandic cod in Faroese waters (Jó nsson, 1996) . Likewise, just 1 out of 1043 tagged and recaptured cod marked in Faroese waters from 1952 to 1965 were taken in Icelandic waters (Joensen et al., 2005) . Recent tagging experiments conducted from 1997 to 2005 in both Icelandic and Faroese waters as well as at the Iceland -Faroe Ridge also confirmed adult cod migration between the two areas to be rare (Anon., 2006) .
South Iceland vs. Faroe Plateau
Having established genetic similarity between East Iceland and the Faroe Plateau (East Iceland-Faroes group), we turn our attention to South Iceland. Genetic differentiation was significant among South Icelandic and East Icelandic -Faroese "groups" with both types of genetic marker, corroborating the earlier transferrin gene study (de Ligny, 1969) . Most of the significant comparisons were between these two groups (Figure 2) , and a significant barrier to gene flow was detected with the microsatellite loci (BARRIER). For the microsatellite loci, the level of differentiation among samples was low but significant, and comparable with the differentiation observed on a small geographic scale (Ruzzante et al., 2001) , whereas the Pan I locus showed a stronger signal than previous studies carried out at the same geographic scale (Sarvas and Fevolden, 2005) . Both adult migration and the passive dispersal of eggs/larvae between South Iceland and the East Iceland-Faroe regions could be hindered by the frontal zone located on the Iceland-Faroe ridge (east -southeast). There, a minor branch of the Irminger Current flowing along the southeastern edge of the Icelandic shelf meets the East Icelandic Current on the Iceland-Faroe Ridge, creating the frontal zone (Figure 1 ; Pampoulie et al., 2006) .
Biological significance of these patterns
Although studies of microsatellite loci often determine significant (but weak) divergence among groups of individuals, it can be complicated to assess the biological significance of such divergence (Waples, 1998) . One way to resolve this issue would be to combine several genetic markers with biological and/or tagging data (Waples, 1998) . Here, such a comparison confirmed that the significant genetic difference between South Iceland and East Iceland-Faroes cod populations does have a biological base. Moreover, Pogson and Mesa (2004) showed that the Pan I locus can be subject to positive Darwinian selection, and it has been suggested that Pan I is under disruptive selection within Icelandic waters (Pampoulie et al., 2006 ). In the current study, a strong significant positive correlation was found between the levels of genetic divergence at both types of marker employed (r ¼ 0.745, p , 0.001). This suggests that the F ST values observed at the Pan I locus are likely to be due to diversifying selection that accentuates differences not readily apparent at neutral loci, so confirming an earlier study performed off Iceland (Pampoulie et al., 2006) . Hence, the genotypic pattern observed at both types of locus suggests that the genetic pattern observed could be the result of restricted gene flow among the areas studied.
Historical imprints in the microsatellite loci data
Alternatively, the observed genetic pattern might merely reflect similar evolutionary (microsatellite loci) and/or selective (Pan I locus) histories of the Faroese and Icelandic cod. Contemporary levels of differentiation observed at microsatellite loci have commonly been shown to originate from historical restriction of gene flow, rather than a current isolation of populations (Turgeon and Bernatchez, 2001; Hanfling et al., 2002; Hardie et al., 2006) . In our study, we observed limited genetic differentiation with microsatellite loci, whereas tagging data reflect limited migration among the populations studied. In the absence of gene flow, genetic differentiation attributable to drift and/or mutation will rise among populations given sufficient time. Low F ST estimates in the absence of gene flow can therefore reflect a rapid expansion and recent common origin of populations in historical time, as previously suggested for Atlantic cod by Pogson et al. (1995) . Although a significant mutational signal was only detected at two microsatellite loci, a general trend could be observed at four more of the eight studied, indicating the influence of past historical events on microsatellite data (Table 2) . During the last glacial maximum (LGM, 25 000 years ago), most of the North Atlantic was covered by an ice sheet, and a reconstruction of temperature then suggested the presence of a sea ice limit (228C isotherm) south of Iceland and west of the British Isles (Siegert and Dowdeswell, 2004) . Therefore, present-day North Atlantic waters were inhabitable by Atlantic cod during the LGM, and the low level of genetic differentiation observed at microsatellite loci and the clear gradient in Pan I allele frequencies within the North Atlantic (Case et al., 2005) are likely to reflect historical isolation of cod populations in refugia during the LGM, followed by recolonization of newly ice-free environment. Indeed, the genetic structure of Atlantic cod populations has been suggested to originate from recolonization events of ice-free environment following the last deglaciation (Pogson et al., 1995; Hardie et al., 2006) .
Conclusions
This is the first study to have investigated genetic variation among Faroe Plateau and Icelandic cod using microsatellite loci and the Pantophysin locus. The pattern observed with both genetic markers was congruent and revealed significant genetic divergence between South Icelandic and Faroese populations, but not between the latter and East Icelandic populations. This genetic pattern is likely to be due to the dispersal of Icelandic cod eggs/larvae Genetic divergence among East Icelandic and Faroese populations of Atlantic cod to Faroese waters, rather than active migration, as tagging experiments show. Alternatively, the presence of historical imprints in the data (mutational component) suggests that the recent origin of cod populations could be the underlying cause for the limited genetic differentiation observed. Additional research needs to be done to understand more completely the genetic connectivity of the populations.
